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An axial-atecharge mixed-flow q r e s a o r  was deeigned t o  
combine the compactneee, re l iabi l i ty ,  and -de operating range of a 
mixed-flaw ompressor  with the high flaw oapacity per unit  of 
frontal  area that oharacterizee  the axisl-flat ooanpreeieor. The 
primary objective wae t o  maximite the flcw oapscity for u pre- 
determined pressure  ratio. The impeller wae operated over the 
obtainable rmge af equivalent w e i a t  flars a t  equivalent imgeller 
t i p  egeede vary- from 1000 to 1480 feet per aeaund. 

A t  t& desi- t i p  speed of 1m feet per SeCmd, 8 
flow capacity or 18.7 pounds per second, a peak totabpressure 
ra t io  of 3.7, and a peak adiabatic  efficiency of 0.78 were obtained. 
The flm capacity per unit of frontal area for this Srial-dSscharge 
imgeller is much greater than that of c a m e m i d  mixed-ilov con- 
pressors for which data are now available but i8  sanewhat 1088 than 
thst for the camnercial axial-flow compressors having the highart 
flow capacity per unit of frontal area. The maxhnna weight-flow 
value reported herein is considered conservative because the llm- 
itation of f l a w  occurs in the eqerimmtal set- ratbr thrrn in 
the  impeller itself. 

Turbojet and turbine-propeller airoraft anglnes require OampeLct, 
dependable compreeeore of high mas8 flow apaoity.  In the deaign 
of the  axial-discharge mixed-flow irapeller  (reference 1) , an ef for t  
was made t o  combine the canpctneee,  eimpllcity, and r e l i a b i l i t y  of 
a centrifugal ccmpreeeor with the high flow capacity  per unit of 
frontal area of the  axial-flow oampreasor. In th ie  impeller, the 
compreeeion wae accauglierhed in a rotor of high blade eolidity a d  
work output; the   a i r  entering and lea- the  rotor had no radial 
compcment of motion. A limiting outeide  diameter of 14 inchee wae 



arbitrarily  seleqted and an @.let t i p  8Zctmeter of 11.25 inahee was 
determined fram niazimum flow oansiderations. A t  the design t i p  
speed of 1480 feet per seacmd, the over-all  total-preeeure ratio 
was oalculated t o  be 3.51 and the equivalent weight flow, 19.7 pounds 
per eeoond. 

A cascade of airfoil   sections was ueed to  establieh  the  desired 
prerotation a t  the  impeller  inlet.  Separate flow t ee t s  were made t o  
determine the  turning angle m d  velocity  dietributian of the air 
behind these vanes. Both the impeller and the caeca38 of vanes 
were fabricated end tested at the RACA Cleveland laboratory. 

In order t o  determine the Impeller performance cheulaoterietics 
without diffuser limitatiaue,  the  impeller and the  prerotation vanea 
were inetalled in a epeoial  setup. The investigation covered the 
obtainable range Of Weight flws &t eqUiV8lmt t i p  8peede irm 
1000 t o  1480 feet  per eeoond. Over-all performance wae evaluated 
from extensive surveys of the flow ocmdltione at the Impeller 
disohsrge. 

Axial-discharge impeller. - A photograph of the *ller, 
partly installed in the test rig is sham 19 figure 1. An axLal 
croes  section of the impeller gaessge, as w e l l  a8 tbe cmgulsr vari- 
ation of the blade t i p  along the flow path through the -ller, I s  
shown in  figure 2. The accontpanylng table s h m  that the outer 
radius increases from 5.585 Inches t o  6.960 Inches and the Inner 
radfus increases from 2.750 inche8 at the inlet to 5.900 Inches at 
the outlet. Tbis radial increase and the change in angle CP along 
the axie of rotation indieate that the BYI(LP flow path ha8 a Contin- 
urn increase in both ra&l.us of rotation and angulur velocity irosn 
entrance t o  exit of the Impeller. A radial clearance of 0.040 inch 
was mslntalned between the blade t i p  snd the outer casing st all 
axial stations. Because the blade section was aeynmetrlcal about a 
raaial line through the t ip ,  the root and t i p  diaenstons are giren 
with figure 2. 

The iapeller blank was constructed in two sections from 
6Alb 9590 ‘8t-l vith a C U t - O u t  bet-= S 8 C t i O M  t o  reduce Wi@t an8 
thus &Ore880 hub 8tr0S8eB. After the tW0 Sect%- WOm bolted 
together, the 18 thln, hi- cambered blades were lrachirPsd iroa 
the comporrite piece. 

!t’he prorotation vanes are section8 of the RACA 65-1210 alrfol l  
cast in brass by the lost-vax  process. The chord m e  held conrrtant 
at  1.75 Inches and the air w86 turned by the angle of attack 
framr hub t o  t ip .  The trailing eQee of these b&&s were about 
1/4 IYXIL uplrtream of tbn -or faue. - 

. 
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and obeemtiane from these inetruments, in cmnjunctian with 
velooity  measurements in the vent line, proved  that  the air leslcage 
past the  balance-pietan  seal a s  ineignifioant. 

Impeller-outlet flow measuremente  were  taken In a plane 
1/4 Inoh domrstr- of the impeller dleuharge (fig. 3). Beoauee of 
the supersonic velocities at this looetim, ipecial inetr~imnt 
teobniques  were  required.  Radial e m e y e  of flaw angle, total pree- 
eure, and total tmpratnre were made at  the  peripheral positima 
ahown in figure 4; wall etatio-pressure taps were  located an both 
the inner and outer  annulue  walls; and a linear radial  variatian of 
etatio preseure was assumed. The disoharge m v e y  instruments were 
l/4  inch in diameter and could  be  ooanpletely  withdrawn f r m  the 
flaw passage during  Btatio-pressure  observations. Because the 
disoharge fluw was eupereonio  at all  oonditions  Investigated, t he  
static  pressure  downetream of the instments was always aff'eoted 
by  their preaence in  the  airstream. In addition, many other 
etatic-preseure  taps were  placed along  the  impeller outer shroud 
and along  both  the ineide and outside  walls of the annular passage. 

Tot81 preseure and flaw angle were measured with  a  three-hole 
oylindrical  yaw  tube. In general, the  angular  eonsitivity of the 
instmmteat was greater thsn the acouraoy of its  alinament  with  the 
axis of rotation.  Over-all  accuracy of the angle determination was 
within lo.  At  supereonic  velooity,  a normal shook wa6 aeeumed to 
exlet Immediately in front of the  total-pressure  tube. For me- 
dimensional flow, the  relatlon  between  the free-stream Mach number 
and the  ratio of total  pressure behind a normal  shook  to  the  total 
pressure in the  free etream  ie glvm by 

where 

PI total pressure behind nonnal ehock 

PO total greesure in free stream 

Maoh number in free etream 

BY succe8sive approrimakim8, the -0 total PZWElSUre Po m y  be 
found from this equation  when the observed total preasure P1 and 
the etatic  preseure  (hence Mach number) are lmown. Calibration of 
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t 
this  instrument  showed  that  the  angle  aeneitivity and corrected total 
pressure  were  eatisfactory for Mach numbers up to 2.0. Discharge- 
pressure  measurements are estimated to be  accurate  vithin fl per- 
cent and disoharge Mach numbere, within f2 percent. 

The temperature-aurvey  probe was a semishielded  iron-conatantan 
thermocouple of the  tspe  deecribed in referenoe 3. Thie  thermocouple 
was calibrated for Mach nmbere up to 2.0 and was found to have a 
very  high  recovery factor  at all values. A self-balancing  goten- 
ttaneter  was  calibrated for use xith thie  thermocouple. 

Experimental procedure. - Canpressor perPonmance data were 
obtained  over  the ran@ of obtaiaable  equivalent weight flaw8 W @/6 
(where W is  weight flow in lb/sec, 8 is the ratio of inlet tem- 
perature to NACA etandard eea-level temperature, and 6 is the 
ratio of inlet  preseure to ~ C A  standard  sea-level  pressure)  at 
constant  values of equivalent  tip  speed U/ f i  (where 'IT is the 
impeller  tip speed in ft/seo) in a  range from 1000 to 1480 feet per 
second. Inlet-air  conditions  were  maintained  at a pressure  of 
15 inches Of mercury  abeolute and a tmperatW8 Of about 0' F. The 
lar pressure was necessitated  by  power and refkigerated-air 
limitations.  Because  of the low temperature, the  necessary  equiva- 
lent tip  speeds  were  possible  at  lower  actual  speede, which helped 
to keep  the  bearing-temperature and etrees  condition8  within 
reasonable limits. 

For a  given  weight flaw and epeed, the  static  preseures along 
the  impeller  casing and the inlet  static pmseures were photopaphioally 
recorded  with  the dischaxge-survey instruments  completely  withdrawn 
from the atream.  The  surveys of temperature and pressure at the 
impeller  discharge  were then made, with the inetrumente  remotely 
controlled by me8218 of motorized  actuators. 

RESULTS AND DISCPSSION 

Flow distribution  at  impeller  inlet. - A cornpariaan  of the 
turning  angles J I  at  the  outlet of the  prerotatian vmes and the 
desiga f l o w  angle  at the  impeller  inlet ie shown in figure 5. The 
turn- angles were, 3n general, lo higher t han  the design valuea. 
A large decrease in turning  angle  near the. hub was principally  due 
to clearanoe  between  the vane tip8 and the hub. With the  exception 
of the  boundary  layers an the  inner and outer  walle,  however, the 
dietribution of turning angles l e  very  close to that for design. 
lksiga  angles  between  the  impeller blabs and the  relative  entering- 
air velocities will therefore be obtained  at a flaw slightly lower 
than the desi*  Value. 



Flow distribution at impeller outlet. - Canplete flow-dietrlbutlan 
patterns a t  the Impeller outlet were required t o  evaluate the impeller 
performance and t o  form a baeis for a euperecmio-dtffueer deefgn. 
Although many surveye were made for u wide range ai flow ccglllltlone, 
the principal trend8 uan be shown by survey reeulte for the marlmum- 
flow, minimum-flow, and flow for peak-ef'fluiency oandltione at the 
deeign equivalent t i p  epeed  of 1480 feet per second. The radial 
vrrriatlan of' flow m e  (angle betweem flow direotiool and the 
axial  direction) l e  given in figure 6(a) . A oanplete change in the 
general trend ie evident between maximum and ndnimum flaw. A t  the 
minimum flaw candltiai, the discharge air demaeed quite 
unifoxmly from 86' near the inner wall t o  69 near the outer w a l l .  
Hmmr, a t  maximum flow, the trend iEl revered with an lncre8ee frcQl 
55O t o  64' for the seme variation in radium. A t  the peak-efflolancy 
flow cmnditlon, the total varlatica in flow angle iluran wall t o  wall 
is only 30. 

The varlatlcm of Mach number vith radlue I s  presented in flg- 
ure 6(b) fo r  the eane representative flows. The Mach number 
decreases w i t h  increasing  radlue at maximum flow, reversee the trend 
a t  minimum flaw, and l e  nearly conatant  aoroee the paseage for  the 
peak-efflcienoy cudition. In general., the bouadary layer appear6 
t o  be thiaker at the outer wall than on the inner wall, which is 
probsbly canee8 by ai impeller-tip-clearanoe effect and a grester 
axial dietanoe from impeller t i p   t o  mea8uri.q etation at  the outer 
wall. The nearly cozmtant profilee of both flow aqle  and Mach 
number a t  the peak-efficiency flow ccmelderably eimplify the deelgn 
of a supersanio diffuser. 

For all flwe, the tangential velocity Increases with  increaeing 
radius and exhibit8 8 thlok boundary layer near the outer wall, be 
Shawn in figure 6(c). The tangential-velocity  dlatributian l e  
approxlmtely a wheel-type rotation, a0 would be expected iram the 
Impeller gearmetry. ' The variaticm of m a l  velooity with radlue l e  
preeented in figure 6(d) . A t  maximum flow, the axla1 velocity is 
high near the inner wall and law near the outer wall of the annulus. 
For minimum flow, this variation l e  revmeed; that ie, the axial 
velocity I s  very low ne" the inner wall and inoreasee rapidly with 
increasing  radius. The flow distribution acroee the paeesge ie quite 
uniform at peak efficiency. 

We flaw-dietributian  oharaateristlcs of this impeller may be 
stmrmnrlzed ae follows : A t  high flows the flow conoentrates near the 
Inner wall, at law f l m  near the outer wall, end fo r  peak eff iclenoy 
the flow dl8trIbutl~m l e  ~nif- 8 C r O E B  the paesage. 
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Impeller performanoe. - In order  to  evaluate  the  performance of 

this  impeller in terme of cammonly used parameters, the total- 
temperature  and  total-pressure  distrlbutians  at t h e  impeller discharge 
must be determined and analyzed.  Figure 7(a) presents  the  variation 
with  radius of the  temperature  rise  through  the  impeller  for the 
three  representative flows at  design  speed.  Temperature  rise it3 a 
meaeurs of the  energy  addition by the  impeller and, aa m e  indicated 
by  the  tangential-velocity  pattern  (fig. 6(o)), the energy  additton 
increases with increasing  radius. The existenoe of a olearanoe 
effect near the  outer  wall  is  also  indicated by the  temperature-rise 
curves. 

The variation of tota1-preseure ratio wlth ra&iue ie e h m  in 
f lgure 7(b).  The trend of these  curves very olosely follows that  for 
the  temperature  rise. At maximu flow, the total-preeeure-ratio 
o w e  level6 off near the inrter anaulue -11. This phenomenon ie 
also indicated by the  conf'iguration of the temperature-rise ourve 
and the  tangential-velocity curve (f ig. 6 (0) ) . At  the  rear  inner 
shroud of the impeller,  the blades turn  slightly  past  the  etraight 
axial direction  to give a slight forward sweep; and for  this 
particular  high-flow  condition,  the  tendencies toward flow separatian 
and Fncrease in boundary layer in the  impeller passages are suffi- 
ciently diminished to obtaFn full advantage of this  blsde  charao- 
terietic. 

By ccanbinbg  the survey data for total-preesure  ratio and tem- 
perature  rise, a point-to-point  variation of adiabatic  efficiency  ie 
obtained (fig. 7(c)). For the  two  higher flows, the  efficiency 
decreases  with  increasing  radius  but, for the low-flow condition, 
the  efficiency  is law over  the  inner  third of the passage and  them 
essentially  constant xith radiua. In general, however, the efficiency 
is highest  over that part of the annulua handling m o a t  of t he  f l o w . .  

The over-all impeller perfonaance is given in figure 8 .  The 
efficiency and pressure  ratio are  mass-weighted averages and, as 
such, do  not penalfze the impeller performance  for any mixing losses 
incurred by nonuniform total-preseure or velocity  distributions. 
This  impeller has a camparatively  large  operating  range a t  relatively 
constant  total-pressure  ratio,  particularly  at  the  lower  tip speeds. 
Difficulty was experienced in accurately  determining  the  surge  point 
or law-flow limitation  at  all  tip  speede  because  this  impeller, in 
the  installaticm used, had no discernible  periodic  pulsation even 
at edremely low f lawe. Flaw cmditions,  however,  did  became suf- 
ficfently  unsteady  at  these law flows to  preclude  the  possibility 
of obtaining  reliable data. The maximum equivalent flow at the 
design  speed of 1480 feet  per  second was 18.7 pounde  per second and 
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a peak pressure r a t io  of 3.7 was obtained. This perfomence was i n  
close  amement with that predicted by theoretical design. The over- 
all mass-weighted efficiency of the  impeller  decreases w i t h  increasing 
t i p  speed. In general, the peak efficiency of 0.78 for t h i a  com- 
pressor at  design speed is lower than that for good conventional 
impellers. Inasmuch ae t h i s  impeller is the f i r s t  model of a radical 
design,  considerable improvement in efficiency m i g h t  be obtained by 
design m o d i f  icat  io-. 

There ie  strong evidence that the limitation of the n m e ~ c i m x u  
flow m e  due t o  the external ducting of the  installation rather than 
t o  the impeller i teelf .  From an  investigation of the flow in the 
annular outlet  eectian, it was found that thlcbning of the boundary 
l ayer  and the  reductton in air density accompanying flow losses 
caused the  axial-velocity component t o  reach the sonic  limitation 
a t  the exit  of the  annulus at a lower flow than that required t o  
yroduce choking in  the  impeller. Absence  of c h o w   i n  the impeller 
is indicated in figure 9, in which the  ra t io  of s t a t i c  preseure at 
the  outer wall t o  inlet s t a t i c  pressure is plotted against axial 
distance  along  the flaw path. A t  a l l  flow, the  r ise in s t a t i c  
pressure fram the impeller inlet t o  outlet is uniform. The nmg- 
nitude of the  etatic-pressure rise is greatly affected. by the 
Btatic-pressure drop 8cros8 the prerotation vanes. If choking 
conditions  existed, a l e b l . ~  drop in static-pressure ratio would be 
expected. Even at maximum flow, however, the curves of figure 9 
do not 8- this charaoteristic of choking flaw. Becauee of the 
extremely high resultant  discharge  velocities, the static-pressure 
r a t io  is much lower than  the impeller total-presmre ratio. 

The flaw capacity per unit frontal area for  this  axial-discharge 
impeller is exceptionally hi& when canpetred with exfeting mixed-flow 
compressors. On the basis of equivalent impeller t i p  diameters, the 
axietl-discharge impeller has a 36-percent Larger flow capacity  than 
the highest-capacity mfxed-flow impeller reported t o  dste (refer- 
ence 4) .  On the basis of over-all compressor diameter, the axfal- 
diecWge impeller has an even greater flow capacity because the 
d i f f b e r  will be limited t o  the 88me over-all diameter 88 the 
impeller; whereas  for  the impeller reported on in reference 4, the 
diSfuser diameter ie coneiderably larger than the impeller diameter 
became of the radial component- of velocity at the impeller discharge. 

A comparison wi th  unpublfehed data ehowed that the axial- 
diecharge impeller, with its advantages of simplicity, re l iabi l i ty ,  
an3 compactness, had only 25 percent less flow capacity per unit of 
frontal area than the best commercial ax5al-flar compressor. 
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4. The performsnce obtairsd m e  in close agreement w i t h  that 
predicted by the theoretical deeign. 

plight Sroptrleion Research Isborstory, 
National Advisory Camittee for Aeron~utloe, 

Cleveland, Ohio. 
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Flgure 2. - Cmss sectlcn of axlal-alschargs mlxed-flow ilrpellsr. ( A I 1  dlnsnsiuas In inches.) 
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Figure 5. - Turning-angle dis t r ibut ion  at outlet o f  prerotation vanes 
in axial-discharge mixed-flour impel ler.  
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(a) Flow angle. 
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( b l  Absolute Mach number. 

Figure 6. - Flow d is t r ibut ion  a t  impel ler   out let   for   equivalent  
t i p  speed of 1 4 8 0  feet  per second. 
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0 Maximum ( 18.70) 
I7 Peak adlabat lc   e f f fc lency 

A Ylnlmum (9.85) 
( 1 4  36) 

(c)  Tangential  velocity. 

Passage radius, I n .  

( d l  Axial velocity.  

Flgure 8. - Concluded. Flow d i s t r l b u t f o n   a t  impeller 
o u t l e t  for equivalent   t ip speed o f  1480 feet per 
second. 
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Figure 7. - Performance at outlet  of axial-dfscharge aixed- 
flow impeller a t  eau iva lent  t l p  speed o f  1 s B )  feet  per 
second. ""' - 6  
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Equivalent weight flow, W/6, lb lsec 

Figure 8. - Over-all perfonence of  arial-discharge mixed-flow impeller. 
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Figure 9. - Variat ion of  stat ic   pressure along flow path a t  equ iva lent   t ip  speed o f  1 4 8 0  feet  
per second. (Outer wall only . )  
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